We propose a novel pixel design and an AC bias driving method for active-matrix organic light-emitting diode (AM-OLED) displays using low-temperature polycrystalline silicon thin-film transistors (LTPS-TFTs). The proposed threshold voltage and I-R drop compensation circuit, which comprised three transistors and one capacitor, have been verified to supply uniform output current by simulation work using the Automatic Integrated Circuit Modeling Simulation Program with Integrated Circuit Emphasis (AIM-SPICE) simulator. The simulated results demonstrate excellent properties such as low error rate of OLED anode voltage variation (< 0.7%) and low voltage drop of V DD power line. The proposed pixel circuit effectively enables thresholdvoltage-deviation correction of driving TFT and compensates for the voltage drop of V DD power line using AC bias on OLED cathode.
Introduction
Active-matrix organic light-emitting diode (AMOLED) displays with polycrystalline silicon (poly-Si) thin-film transistors (TFTs) and amorphous silicon TFTs have been widely researched and developed because of its superior characteristics in flat displays. These advantages include wide viewing angle, high brightness, fast response time, compact, and light weight [1, 2] . Low-temperature polycrystalline silicon thinfilm transistors (LTPS-TFTs) are widely utilized in activematrix organic light-emitting diode (AMOLED) displays, as they have higher current driving capability than that of amorphous Si TFTs. Though LTPS-TFTs have good electrical characteristics, the nonuniformity problem due to process variation is inevitable and results in differences in the OLED current among pixels. However, it is difficult to implement an AMOLED panel with good image quality because of variations in the threshold voltage and in the mobility of poly-Si TFTs among pixels [3] . In the case of conventional two-TFTs driving AMOLED, the variant performance of the poly-Si TFT causes nonuniform gray scale over the display area. As a result, several compensation methods have been developed which can be classified into voltage programming [4, 5] , current programming [6] , circuit compensation [7] , and AC driving compensation method [8, 9] . Among all the compensation methods, the driving scheme is an important factor in improving the performances of OLED [10] . Even though the current programming methods can compensate both mobility and threshold voltage deviation, they need long settling time for low data current at a high parasitic capacitance of the data line. This is the critical disadvantage for large panels with high-resolution. Therefore, in order to overcome this problem, voltage driving method is better than current driving method for the large size and high resolution display [11] [12] [13] . However, many schemes have been reported to compensate the threshold voltage variation of driving TFT, but they do not optimize efficiency both the number of TFTs and the error rate of OLED anode voltage for compensation of OLED degradation [4, 5] .
In this paper, a new AC-biased voltage programming AMOLED pixel circuit is proposed with the aim of producing displays with uniform brightness. The proposed pixel design, including three TFTs and one capacitor (3T1C), can compensate the threshold voltage deviation of driving TFTs and I-R drop of V DD power line. The simulation results demonstrate that the pixel design effectively improves the OLED current uniformity for AMOLED. This novel pixel design has great potential for enhancing both the brightness uniformity and the high aperture ratio by the 3T1C AC driving pixel circuit. Figure 1 shows the proposed pixel circuit including driving scheme. In the pixel design, it consists of one p-type switching TFT (Sw1), one n-type switching TFT (Sw2), one p-type driving TFT (DTFT), one capacitor (C ST ), and one OLED which is biased by AC voltage at the cathode. The design parameters of proposed pixel circuit are listed in Table 1 . Figure 2 shows the equivalent circuit in each state of operation for the compensation mechanism. The circuit operates in four stages: initialization, data input, compensation, and emission and, will be described as follows.
Proposed Pixel Circuit and Driving Method
(1) Initialization: the purpose of initial period is to reset the stored voltage at the capacitor (V CST ). V SCAN1 is high, so Sw1 is turned off, and Sw2 is turned on. Meanwhile, the reverse bias is high voltage. This stage can be free of the influence of previous operations.
(2) Data input period: in this stage, we can use bootstrapping to increase the source node voltage of DTFT. V SCAN1 becomes low, so Sw1 becomes turned on, and Sw2 becomes turned off. Meanwhile, the reverse bias remains high voltage. The capacitor C ST is connected from the source of DTFT to the data input. Due to the charge storage characteristics 
of the capacitor, the source node voltage of DTFT becomes V DATA + V CST . V CST is the stored voltage at the capacitor in the initialization period. (3) Compensation period: during this period, the reverse bias becomes low voltage. Therefore, the source current of DTFT passes through the OLED until the source voltage of DTFT is discharged to |V TH | + V DATA /N and the DTFT is turned off. Thus, the capacitor will store |V TH | +(1− N)/N * V DATA , where V TH is the threshold voltage of DTFT and N is related to design parameters between C ST and C OLED .
(4) Emission period: in the final period, V SCAN1 becomes high, so Sw1 is turned off and Sw2 is turned on. Therefore, the source voltage of DTFT becomes V DD and the gate voltage of DTFT becomes V DD − V CST . The OLED current I OLED is also the saturation current of DTFT and becomes,
Thus, I OLED is independent of both the threshold voltage of driving TFT and the I-R drop at V DD power line. So the proposed pixel circuit can compensate the items at the same time. Figure 3 shows the good fitting results of the measurement and simulation of LTPS TFT. Electrical characteristics were measured from HP4156C measurement system. The OLED was modeled by a diode-connected poly-Si TFT and a capacitor. The OLED pixel size was 19200 µm 2 , and the OLED capacitance is set to 25 nF/cm 2 in the simulation. The design parameters are listed in Table 1 .
Simulation Result of Proposed Circuit
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Compensation period (period (3)) Figure 6 clearly shows that the error rate of OLED anode voltage variation is below 0.7% the result can prove that the proposed pixel circuit has high immunity to the threshold voltage deviation of driving TFT. The anode voltages of OLED will affect the OLED driving current and thus represents the display brightness. As a result, the pixel circuit is capable of providing a uniform OLED driving current regardless of the variation in the poly-Si TFT performance Error rate of OLED Anode Voltage Figure 7 exhibits the OLED current as a function of V DATA under the threshold voltage deviation (ΔV TH = ±0.33V). The current of OLED is also nearly independent of the variation of the threshold voltage of DTFT, while the average error rate of current is less than 6%. Figure 8 shows the error rate of OLED current of the proposed 3T1C pixel circuit under the I-R drop of V DD power line comparison with conventional 2T1C pixel circuit when V DATA is 2 V. Error rate is defined as the difference between the OLED current (PV DD degradation) and the original OLED current (PV DD = 9 V), divided by the original OLED current (PV DD = 9 V) for an input voltage. Compared with the conventional 2T1C pixel circuit, the proposed pixel circuit can offer a stable driving current against the drop of PV DD . The error rate of the conventional 2T1C pixel circuit is increased to 70% for different PV DD , and the error rate of the proposed pixel circuit is significantly reduced (<15%); so the proposed pixel circuit has high immunity to the I-R drop of V DD power line. Thus, the proposed 3T1C pixel circuit can successfully compensate 
Conclusion
This study presents a novel AC voltage programming pixel circuit for AMOLED displays, and is verified with SPICE simulator. The measurement and simulation of LTPS TFT characteristics demonstrate the good fitting result. The proposed circuit is composed of three TFTs and one capacitor and can successfully compensate for the threshold voltage deviation of DTFT and the I-R drop at V DD power line. The simulation results demonstrate that the proposed circuit has high immunity to the threshold voltage deviation of poly-Si TFT characteristics and V DD drop, hence achieving the image uniformity of OLED.
